Background: New multiple sclerosis (MS) lesion activity on magnetic resonance imaging (MRI) can test immunomodulatory therapies in proof-of-concept trials. Comparably powerful endpoints to assess tissue protection or repair are lacking. Objective: The objective of this paper is to report sample-size calculations for assessment of new lesion recovery. Methods: In two sets of six active MS cases, new lesions were observed by monthly MRI for approximately 12 months. Averages and quartiles of normalized (proton density/T1/T2 weighted) and quantitative (T1/T2 and mean diffusivity maps for dataset 1, T2 and magnetization transfer ratio maps for dataset 2) measures were used to compare the lesion area before lesion appearance to afterward. A linear mixedeffects model incorporating lesion-and participant-specific random effects estimated average levels and variance components for sample-size calculations. Results: In both datasets, greatest statistical sensitivity was observed for the 25th percentile of normalized proton density-weighted signal. At 3T, using new lesions ⩾15 mm 3 , as few as nine participants/arm may be required for a six-month placebo-controlled add-on trial postulating a therapeutic effect size of 20% and statistical power of 90%. Conclusion: Lesion recovery is a powerful outcome measure for proof-of-concept clinical trials of tissue protection and repair in MS. The trial design requires active cases and is therefore best implemented near disease onset.
Introduction
The key pathological feature of multiple sclerosis (MS) is the focal white matter lesion, harboring inflammation, immune-mediated demyelination, gliosis, and axonal injury and loss. 1 The appearance of such a lesion in an eloquent portion of the central nervous system is the basis for clinical relapse, and remission from relapse most likely involves resolution of inflammation, plasticity, and some degree of remyelination. 2 Axonal damage, on the other hand, occurring both within and outside acute and chronic lesions, underlies the permanent neurological deficits that accrue in the progressive phase of the disease. 3 Over the last two decades, nearly a dozen medications have been approved for relapsing-remitting MS, all of them immunomodulatory. Despite reducing relapse rate and formation of new lesions, none definitively promotes healing of damaged tissue or significantly modulates progressive disease. There is therefore great hope that medications conferring tissue protection, which for the purposes of this paper also subsumes repair and remyelination, will prevent axonal loss in the earliest phases of the disease, and, in so doing, will be effective for limiting the longterm impact of MS.
A major problem in the field is that there is no widely accepted proof-of-concept clinical trial design to effectively and rapidly test putative tissue-protective agents. 4 This is largely due to the absence of robust, sensitive markers of tissue degeneration that change sufficiently rapidly-typically six months or less. In addition, it remains unclear whether such agents should be first tested in progressive MS, where relapses and their accompanying focal white matter lesions are relatively few, or in early MS, where they are common. If new lesions could be used to assess more global processes of tissue protection and repair, then early MS would clearly be preferred. However, with increasingly effective immunomodulatory therapies, new lesions are ever rarer, necessitating enrollment into such trials essentially at the time of diagnosis. Furthermore, tissue-protection trials at this stage of the disease would need to be performed on a background of standard-of-care immunomodulatory therapies, as tissue-protective therapies should not, on their own, reduce the incidence of new inflammation. Finally, it would still be necessary to determine whether compounds that show tissue-protective efficacy in the setting of acute inflammation will also protect at-risk brain tissue that degenerates slowly over time.
This report retrospectively marshals data from a natural history study of two sets of six MS cases to generate sample size calculations for future proof-of-concept clinical trials for lesion repair. Candidate lesion-based outcome measures were derived from the monthly MRI scans and subsequently simulated in a series of related short-term (four-to 12-month) clinical trials. The results demonstrate that the strategy is promising and should be further tested in additional natural history studies and clinical trials.
Methods
Full methods are presented in the supplement. Briefly, we invited six individuals with relapsing-remitting MS 5 to undergo monthly MRI based on high lesion activity on screening scans. Study procedures were approved by the institutional review board. Three-tesla (T) MRI included the following scans: three-dimensional (3D) T1-weighted before and after intravenous administration of standard gadolinium contrast; 2D double-echo for proton-density (PD) and T2 weighting as well as T2 mapping; 3D T2-fluid-attenuated inversion recovery (FLAIR); 3D T1 mapping; and diffusion tensor imaging (DTI).
A second set of six individuals with relapsing-remitting MS was identified from the research database at our center, based on availability of the following pulse sequences acquired monthly for one year on a 1.5-T scanner: 3D T1-weighted, 2D double-echo for PD and T2 weighting, 2D T2-FLAIR, and post-contrast T1. Cases required at least two gadoliniumenhancing lesions over the course of the year. Magnetization transfer-weighted scans obtained at the same time were analyzed when available.
Images were rigidly aligned across time, and white matter lesions and normal brain structures were segmented. Following intensity normalization by creation of standard (z) scores relative to "normal-appearing" white matter (NAWM), new lesions were identified on subtraction images and tracked over time (see the supplement for more details on the normalization). Within each lesion at each time point, the average and 25th, 50th, and 75th percentiles of normalized (n) T1, T2, PD, and FLAIR signal intensities were recorded, as well as quantitative (q) estimates of T1, T2, mean diffusivity (MD), and magnetization transfer ratio (MTR).
Time evolution of the normalized and quantitative MRI measures was analyzed via a mixed-effects model schematized in Figure 1 . In addition to the mean MRI signal levels depicted in Figure 1 , the model incorporates lesion-and participant-specific random effects for both the level of the MRI signal and the change in the MRI signal from the pre-lesion appearance to the post-lesion appearance time period. This model estimates a lesion's "lack of recovery"the difference between stabilized MRI measures taken following some delay after the lesion's first appearance and the same measures taken prior to the lesion's appearance. The model is used to generate estimated sample sizes for future clinical trials. Table 1 shows that participants were ⩽50 years old and carried low disability at baseline; no participant sustained increased disability over the observation period. Treatment with disease-modifying therapy was initiated in participants who were initially untreated, and in some cases treatment changed during the study because of continued symptoms and/or MRI activity. Attribution of changes in MRI measures to particular treatments is beyond the scope of this study.
Results

Figures 2 and 3 show examples of lesions tracked
over the course of the study in two different cases from the 3T dataset. Over time, the volume of the lesion depicted in Figure 2 diminished slightly, but the lesion itself remained visible on all MRI contrasts. The two lesions tracked in Figure 3 appeared at different time points, and the lesion volumes were roughly stable over time. However, compared to the lesion in Figure 2 , there was greater variation in lesion conspicuity across MRI contrasts in this case, with consistently good visualization on nT1, nPD, and qT1; slightly poorer visualization over time on nT2; and generally poor visualization on qT2 and MD. Figure 4 shows the time courses of lesion volume and median MRI measures for each lesion from participant 3T-4. For nPD, which provided optimal sample sizes (see below), time courses of the 25th and 75th percentiles of normalized signal intensity are also shown. For nPD, nT1, and qT1, sharp changes occurred at the time of lesion appearance, but otherwise the values remained roughly stable over time (with considerable variation). For nT2 and qT2, the value at the time of lesion appearance is greatest, and there is partial resolution over approximately two months. For MD, there is little discernible pattern.
The data for the five 3T cases with new lesions are summarized in Figure 5 . For each lesion, averages and standard deviations are calculated across all time points prior to lesion appearance and across time intervals successively farther removed from the time of lesion appearance; these values are subsequently pooled across all lesions for that participant. Data obtained at the time of lesion appearance are excluded, as these may be influenced by transient intralesional and perilesional edema. Although MRI values gradually trend toward their prelesional levels, this trend is generally fairly limited, and no measure fully normalizes. There is clear heterogeneity across participants, particularly Figure 1 . Schematic depiction of the statistical model used for sample size determination, focusing on a single lesion that appears during the study (time point labeled "lesion appearance"). For simplicity, only a single pre-appearance scan ("baseline") and a "final" scan are depicted. In the top row, gray boxes represent an area of normal-appearing white matter in which the lesion is located. At baseline, a dashed circle denotes the location where the lesion will appear. Beginning at the time of lesion appearance, the magnetic resonance imaging (MRI) signal intensity of the lesion is depicted by the brightness within the circle and by the curves in the bottom row. The model postulates that the final signal intensity is less abnormal in the treatment arm, and the difference in signal intensity between the two arms, averaged across all lesions and study participants, is the "treatment effect." Note that data obtained around the time of lesion appearance are not analyzed owing to the expected presence of edema at that time point.
in the prelesional value for each MRI measure and in the typical extent of MRI change after lesion appearance. These features are also heterogeneous across lesions within participants (not shown). Interestingly, the standard deviations are also mostly stable over time intervals after lesion appearance and are typically somewhat larger than before lesion appearance; including all data subsequent to lesion appearance is associated with the greatest variability. Importantly, standard deviations are quite comparable across participants. , which shows the evolution of the larger lesion (white arrow in (A1)) over time. Image contrasts in (B) include normalized (n) T1, PD, and T2, quantitative (q) T1 and T2, and mean diffusivity (MD). The lesion mask, derived automatically from T1, PD, T2, and T2-FLAIR images, is shown in the top row for each time point. MD images were missing or of poor quality at months 3 and 9. Window and level settings were kept constant across time for each image type to highlight the stability of the normalization process. Qualitatively similar patterns were observed with the 1.5T dataset.
The linear mixed-effects model incorporates the sources of variation described above and can be used to assess the sensitivity of all combinations of MRI measure, within-lesion measurement descriptor, and post-lesion-appearance time-interval exclusion. Sample-size factors (SSfactor; see supplemental methods) derived from this model are presented in Table 2 for a trial involving participants similar to the study population of each set, assuming 12 months of treatment with monthly MRI scans. Under the usual assumption that the only impact of the test treatment is on the parameter of interest, in this case the mean lesion recovery (see the supplement for more detailed discussion of the assumptions), the required number of such participants per group is directly proportional to these sample size factors. SSfactor values were also evaluated when the analysis was restricted to lesions that enhanced on first appearance or to lesions ⩾15 or ⩾34 mm 3 . Similar overall patterns were observed, and in all instances, nPD 25 including all scans subsequent to lesion appearance yielded the smallest SSfactor values.
The results in Table 2 can be summarized as follows: • • Sensitivity generally decreases when additional time subsequent to lesion appearance is excluded. For statistical efficiency, therefore, the measures on all scans subsequent to lesion appearance should be included in the statistical analysis. • • Relative to the 3T dataset, the SSfactor for the 1.5T dataset is approximately 25% larger for the most efficient nPD measures, half the size for nT1, twice as large for nT2, and 3 times larger for qT2. Given the many differences between the 3T and 1.5T datasets, it is difficult to attribute these varying results to a single source.
SSfactor values for a trial with six months of treatment and monthly 3T MRI scans display a similar overall pattern (not shown). For this scenario, where the SSfactor values for nPD and nT2 are both small, the SSfactor for nT2 ranges from about 30% to more than 100% larger than that for nPD, so nT2 would again require a substantially larger sample size. As in Table 2 , nPD 25 with all scans subsequent to lesion appearance included in the analysis yields the smallest SSfactor values.
As a real-world clinical trial would probably not include participants exactly similar to those reported in the 3T and 1.5T datasets, simulations were performed Figure 2 . Each line represents a different lesion, centered around the time at which the lesion was first seen on MRI ("time 0"). For individual measurements, a prefix of "n" indicates "normalized," in which the signal intensity is given in units of standard deviations of the same measurement across extralesional ("normal-appearing") white matter; a prefix of "q" indicates "quantitative," in which the measurement is an estimate of the T1 or T2 relaxation time. Subscripts indicate the percentile of the lesion-based measurement (25th, 50th, or 75th). PD: proton density; MD: mean diffusivity (from diffusion tensor imaging).
to obtain required sample sizes allowing for randomly differing numbers and patterns of new lesion appearance (see supplemental methods). Selected results for nPD 25 , when all scans subsequent to lesion appearance are included, are shown in Figure 6 for the 3T dataset.
The results indicate that even small effect sizes (~20%) are detectable in short studies with small numbers of participants (~9 per arm for a six-month trial that considers recovery in lesions ⩾15 mm 3 in volume, or roughly 3 mm in diameter). Reducing treatment duration from 12 months, even to as short as four months, increases the required sample size by at most 40%-60%; this reflects the fact that, in this study population (as is typical in active MS cases), most new lesions appeared either at baseline or quite early during followup. Limiting the study to lesions that enhance with gadolinium at the time of first appearance has little effect. Excluding the smallest lesions (⩽15 mm 3 ) reduces the required sample size by more than 30% at each treatment duration considered, most likely because of increased observation-to-observation variation within smaller lesions. On the other hand, further restricting to lesions ⩾34 mm 3 leads to some loss of sensitivity. Similar trends were observed from simulations based on the 1.5T dataset, although the gain due to excluding the smallest lesions was more modest and the increase in required sample size due to reducing the treatment duration was more substantial. This reflects the smaller proportion of new lesions that appeared during very early follow-up in the 1.5T dataset.
For a trial with 90% power, a two-sided 5% hypothesis test, a 20% postulated effect size, and lesions ⩾15 mm 3 , the required 3T sample sizes per arm (appropriately taking into account that some patients will contribute no or very few new lesions) are as follows: 10 (four months), nine (six months), eight (nine months), and seven (12 months). The corresponding sample sizes at 1.5T are: 13 (four months), eight (six months), seven (nine months), and seven (12 months). As a four-month study could in principle lead to a relatively sparse dataset with few repeated observations over time on any single new lesion, making it difficult to fit our statistical model, a trial duration of at least six months seems reasonable.
Discussion
Our major conclusion is that a proof-of-concept clinical trial for repair of inflammatory, demyelinating, white matter lesions in MS can be performed quickly and efficiently, particularly at 3T (e.g. nine participants per arm for six months of treatment). This represents a substantial improvement over currently employed trial designs for tissue protection/repair in MS using outcome measures of brain volume 6, 7 or retinal nerve fiber layer thickness. 8 Of course, whether efficacy in promoting lesion recovery might predict efficacy for slowing disability accumulation in progressive MS, or even brain atrophy, remains to be determined. New white matter lesions result from a complex cascade of events mediated by a variety of cell types and soluble factors. 1 Serial imaging studies indicate that lesion growth and development is highly dynamic, tending to stabilize by about six months or even sooner. [9] [10] [11] [12] This dynamic behavior offers a unique opportunity to study processes of tissue damage and repair as they evolve within white matter lesions.
The incidence of new MS lesions is a powerful way to screen new immunomodulatory drugs for future Phase 3 clinical trials. 13 Such exploratory studies often use a baseline-to-treatment design and a typical sample size of 10 to 15 participants. What is uncertain, and not typically tested in these trials, is whether lesions that form while participants are taking these drugs are different from those that form off treatment.
To answer this question, a different kind of clinical trial is required.
As an outcome measure, recovery of new lesions by MRI is not a new idea. Evolution of new lesions to hypointense foci on T1-weighted spin-echo images ("black holes") and within-lesion changes in MTR have been investigated, [14] [15] [16] as has average MTR change across all white matter lesions. 17 These measures were investigated in part because they were thought to be somewhat pathologically specific (black holes for irreversible tissue damage and MTR for demyelination), but despite years of study they have not garnered widespread use as primary outcome measures. One reason is sensitivity to scanning hardware and software, a problem that is compounded by large sample sizes that necessitate a multisite trial. At the same time, the pathological specificity of these MRI measures, particularly MTR (despite its known sensitivity to myelin), has repeatedly come into question. [18] [19] [20] The approach described here deliberately changes the focus from specificity to sensitivity-that is, to an outcome measure and a trial design that can detect improvement in tissue damage rapidly and accurately, but that cannot on its own provide information about the biological mechanisms underlying that improvement.
Is it sensible to study tissue protection and repair in early MS? There is abundant evidence that at least some of the processes at play later in the disease, such as axonal loss, are relevant early on. 21 However, relapses are generally followed by complete or nearcomplete functional recovery, probably due to endogenous remyelination and adaptive reorganization at the molecular, synaptic, and cellular levels. Nonetheless, most newly forming lesions persist on MRI for the duration of the disease, and white matter lesions accumulated during the five years following diagnosis correlate with disability 20 years later. 22 It stands to reason, therefore, that a successful intervention that protects Figure 6 . Required sample sizes (number of patients per arm for a trial with 1:1 randomization to test treatment and comparator) for nPD 25 , the lesion-based MRI measurement that demonstrated the greatest statistical sensitivity as shown in Table 2 . The left panel shows the required sample size as a function of the % treatment-related improvement in lesion "lack of recovery" for 12 months of treatment under four scenarios: all lesions, gadolinium-enhancing lesions only, lesions with volume ⩾15 mm 3 , and lesions with volume ⩾34 mm 3 . The right panel shows the same four scenarios as a function of trial duration for a fixed 20% treatment-related improvement in lesion lack of recovery. All values are based on the 3T dataset and are calculated for a two-sided test with α = 0.05 and 90% statistical power. nPD 25 : 25th percentile of the normalized proton density-weighted magnetic resonance imaging (MRI) signal.
axons from the insult of acute inflammation and demyelination would justify more expensive and arduous validation in clinical trials for progressive MS.
Our results identify nPD 25 -the 25th percentile of the normalized proton density-weighted MRI signal-as the most sensitive outcome measure in short-term trials of tissue protection and repair in white matter lesions, which most likely would be conducted in combination with approved disease-modifying therapy. Five aspects of this outcome measure require elaboration: (1) use of normalized MRI signal rather than quantitative measures;
(2) implications of PD weighting; (3) extraction of the 25th percentile of within-lesion signal intensity; (4) requirement for prelesional measurements; and (5) differences between the 1.5T and 3T sets.
Quantification of the MRI signal is attractive because the resulting maps are interpretable in physical terms and account for some of the technical issues that arise in image acquisition. Quantification should therefore allow comparisons across time and imaging site, facilitating multicenter trials. However, generation of quantitative maps-here, qT1, qT2, MD, and MTRrequires integration of multiple image types, each with associated noise, and the resulting error propagation mitigates the benefits of quantification. On the other hand, direct signal intensity normalization, required for comparison of conventional images across time, space, and person, is itself not straightforward. Our normalization procedure-creation of standard scores relative to NAWM-is based on tissue segmentation that does not need to be especially precise, as the required statistical moments of NAWM signal intensity are robustly estimated. This same normalization procedure has proved useful in other applications 23, 24 and importantly requires only a single image volume, eliminating the problem of error propagation.
PD-weighted images are commonly used in MS to segment white matter lesions 25 and are routinely recommended for diagnostic assessment, 26 but they are not commonly applied to assessing lesional changes over time. However, tissue damage, including demyelination, can affect PD, 19, 27 so it is plausible that nPD will be useful for tracking lesional changes over time in a clinical trial setting. To limit the influence of resolving edema on nPD measures, data from the scan obtained at the time of each lesion's first appearance were excluded from the statistical analysis; exclusion of additional scans beyond the first appears to be unnecessary.
For each MRI measure, the evolution of the median and average, as well as the 25th and 75th percentiles of the within-lesion measurements, was studied. Median and average performed similarly. Examination of quartiles was based on the idea that whereas tissue damage is most severe at the center of a newly developing lesion, 28, 29 tissue repair, including remyelination, may be partial. 30, 31 Thus, quartiles might be especially sensitive to differences between severely damaged and partially repaired tissue while avoiding precise modeling of spatial changes, particularly near edges of developing and repairing lesions, where partial volume averaging with surrounding extralesional tissue may be problematic. 32 Prelesional MRI measures are required to calculate a lesion's "lack of recovery," as defined here. As lesion volume may change over time, it is difficult to precisely define the prelesional area. We investigated a number of possible solutions, ultimately selecting the lesion mask from the first time point at which the lesion was visible and propagating it backward in time. (An alternative analysis, in which measurements were made across all voxels that were ever included within the lesion, proved less sensitive.)
Finally, the overall conclusion that nPD 25 is the optimal outcome measure was consistent across the two datasets, despite the fact that they were obtained on different MRI scanners at two different magnetic field strengths. Slight differences between the two datasets may reflect participant-specific differences as well as technical factors, including the signal-to-noise ratio of the scanner and head coil and the in-plane resolution of the PD scan.
The sensitivity of this trial design arises from its control of multiple sources of variation: assessment of the effect of treatment is based on the within-lesion (not only within-participant) changes in the MRI signal from the pre-lesion time period to the post-lesion appearance time period. As always, required sample sizes are dependent on assumptions about the nature of the data that will be observed in the planned trial, as discussed in more detail in the supplement. Chief among these are the usual assumptions: (1) that the variance components determined from our study participants will be relevant for the participants on both arms of the planned trial; and (2) that the only impact of the test treatment is on the parameter of interest, in this case the mean lesion recovery.
For the trial design described here to be successful, a number of conditions are necessary-chiefly, observation of an adequate number of lesions. To keep sample sizes small, this condition necessitates enriching for study participants who develop new lesions. The optimal strategy for such enrichment has yet to be defined, and if trial participants have substantially fewer lesions than those described here, required sample sizes would increase. On the other hand, if lesions were more evenly distributed across the study population, fewer lesions in total would need to be observed.
This report is limited by the small number of participants, although the similarity of the results in both datasets is encouraging. Replication of the finding in additional datasets would be valuable. Moreover, although we investigated MTR in the 1.5T dataset, MTR data were missing in 45% of lesion observations. MTR is the quantitative MRI measure that is most commonly used to study remyelination in MS, and there is an extensive literature on lesion MTR as an outcome measure. 16, 33, 34 However, MTR is difficult to standardize, and its calculation is subject to error propagation. Further work directly comparing MTR to normalized signal intensity measures such as nPD 25 -perhaps in the context of post-hoc analysis of existing clinical trial datasets-would be informative.
